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FAULT-TOLERANT F L I G H T  CONTROL SYSTEM 

C O M B I N I N G  EXPERT SYSTEM A N D  

A N A L Y T I C A L  R E D U N D A N C Y  C O N C E P T S  

Dave H a n d e l m a n  
D e p a r t m e n t  o f  M e c h a n i c a l  a n d  A e r o s p a c e  E n g i n e e r i n g  

P r i n c e  t o n  U n i v e r s i t y  
P r i n c e t o n ,  N e w  J e r s e y  

T h i s  r e s e a r c h  i n v o l v e s  t h e  d e v e l o p m e n t  o f  a k n o w l e d g e - b a s e d  
f a u l t - t o l e r a n t  f l i g h t  c o n t r o l  sys tem.  T h e  o b j e c t i v e  i s  t o  d e s i g n  
a c o n t r o l  s y s t e m  c a p a b l e  o f  a c c o m m o d a t i n g  a w i d e  r a n g e  o f  t i m e -  
c r i t i c a l  a i r c r a f t  f a i l u r e s ,  i n c l u d i n g  a c t u a t o r ,  s e n s o r ,  a n d  
s t r u c t u r a l  f a i l u r e s .  A s o f t w a r e  a r c h i t e c t u r e  i s  p r e s e n t e d  t h a t  
i n t e g r a t e s  q u a n t i t a t i v e  a n a l y t i c a l  r e d u n d a n c y  t e c h n i q u e s  a n d  
h e u r i s t i c  e x p e r t  s y s t e m  p r o b l e m - s o l v i n g  c o n c e p t s  f o r  t h e  p u r p o s e  
o f  i n - f l i g h t ,  r e a l - t i m e  f a i l u r e  a c c o m m o d a t i o n .  

The  o v e r a l l  j o b  o f  f a i l u r e  a c c o m m o d a t i o n  i s  b r o k e n  d o w n  i n t o  
f i v e  m a i n  t a s k s :  e x e c u t i v e  c o n t r o l ,  f a i l u r e  d e t e c t i o n ,  f a i l u r e  
d i a g n o s i s ,  f a i l u r e  m o d e l  e s t i m a t i o n ,  a n d  r e c o n f i g u r a t i o n .  T h e  
e x e c u t i v e  c o n t r o l  t a s k  p r o v i d e s  c o n t i n u a l  d y n a m i c  s t a t e  
e s t i m a t i o n ,  f e e d b a c k  c o n t r o l  c a l c u l a t i o n s ,  a n d  s y n c h r o n i z a t i o n  o f  
t h e  r e m a i n i n g  t a s k s .  T h e  f a i l u r e  d e t e c t i o n  t a s k  m o n i t o r s  
a i r c r a f t  b e h a v i o r  a n d  d e t e c t s  s i g n i f i c a n t  a b n o r m a l i t i e s .  F a i l u r e  
d i a g n o s i s  f i n d s  a l i s t  o f  a i r c r a f t  c o m p o n e n t s  m o s t  l i k e l y  t o  h a v e  
c a u s e d  t h e  p r o b l e m ,  w h i l e  t h e  f a i l u r e  m o d e l  e s t i m a t i o n  t a s k  
g e n e r a t e s  a m a t h e m a t i c a l  m o d e l  o f  t h e  a i r c r a f t  d y n a m i c s  t h a t  
r e f l e c t s  c h a n g e s  d u e  t o  t h e  f a i l u r e .  F i n a l l y ,  t h e  
r e c o n f i g u r a t i o n  t a s k  d e t e r m i n e s  w h a t  a c t i o n  s h o u l d  b e  t a k e n  t o  
c o r r e c t  t h e  s i t u a t i o n .  

I n  o r d e r  t o  c a r r y  o u t  i t s  a s s i g n e d  t a s k s ,  t h e  c o n t r o l  s y s t e m  
u s e s  a s  b u i l d i n g  b l o c k s  p o w e r f u l  a n a l y t i c a l  t e c h n i q u e s  d e v e l o p e d  
w i t h i n  t h e  s t a t e - s p a c e  e n v i r o n m e n t  o f  m o d e r n  c o n t r o l  t h e o r y .  F o r  
e x a m p l e ,  t h e  e x e c u t i v e  c o n t r o l  t a s k  e m p l o y s  a K a l m a n  F i l t e r  a n d  a 
L i n e a r - Q u a d r a t i c  R e g u l a t o r  f o r  e s t i m a t i o n  a n d  c o n t r o l .  
I n n o v a t i o n - b a s e d  a n d  M u l t i p l e  M o d e l  a l g o r i t h m s  a r e  u s e d  i n  
f a i l u r e  d e t e c t i o n  a n d  ‘ f a i l u r e  m o d e l  e s t i m a t i o n ,  r e s p e c t i v e l y .  
A d d i t i o n a l l y ,  a w e i g h t e d  l e f t  p s e u d o - i n v e r s e  p r o c e d u r e  i s  
a v a i l a b l e  f o r  r e c o n f i g u r a t i o n  i f  n e e d e d .  T h e s e  q u a n t i t a t i v e  
m e t h o d s  p r o v i d e  e f f e c t i v e  s o l u t i o n s  t o  c e r t a i n  a s p e c t s  o f  t h e  
f a i l u r e  a c c o m m o d a t i o n  p r o b l e m .  
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B e c a u s e  t h e y  a r e  c o m p u t a t i o n a l l y  i n t e n s i v e ,  h o w e v e r ,  t h e s e  
a l g o r i t h m s  m u s t  b e  u s e d  j u d i c i o u s l y  i f  r e a l - t i m e  f a u l t - t o l e r a n c e  
u l t i m a t e l y  i s  t o  b e  a c h i e v e d .  E f f i c i e n t  s c h e d u l i n g  a n d  
s e l e c t i o n  o f  t a s k s  a n d  s u b t a s k s  t h u s  b e c o m e s  a n  o v e r r i d i n g  
c o n t r o l  s y s t e m  d e s i g n  f a c t o r .  M o r e o v e r ,  t h e s e  q u a n t i t a t i v e  
a l g o r i t h m s  d o  n o t  r e f l e c t  t h e  t y p e  o f  p r o b l e m  s o l v i n g  p e r f o r m e d  
b y  p i l o t s .  F o r  t h e s e  r e a s o n s ,  t h e  c o n t r o l  s y s t e m  w i l l  b e n e f i t  
f r o m  t h e  i n c o r p a r a t i o n  o f  a q u a l i t a t i v e ,  h e u r i s t i c  r e a s o n i n g  
c a p a b i l i t y .  T h e  r e s e a r c h  d e s c r i b e d  h e r e  u s e s  a r t i f i c i a l  
i n t e l l i g e n c e  t e c h n i q u e s  t o  c o m b i n e  t h e  s t r e n g t h s  o f  q u a n t i t a t i v e  
a n d  q u a l i t a t i v e  r e a s o n i n g  f o r  f a u l t - t o l e r a n t  f l i g h t  c o n t r o l .  

FAILURE ACCOWDATION TASK SAMPLE 

RECEIVE SENSOR MEASUREMENTS DETECT FAILURE 

SELECT MODEL AND GAINS DIAGNOSE FAILURE 

DETERMINE NUMBER OF 
STUCK CONTROLS 

SELECT LQR GAINS / 
DETERMINE NUMBER OF 
STUCK SENSORS / ESTIMATE FAILURE MODEL \ ESTIMATE DYNAMIC STATES 

CALCULATE CONTROL COPWANDS RECONFIGURE MODEL AND GAINS SELECT KALMAN GAINS 

SEND CONTROL CcM"DS 

I- 
/ '  



EXPERT SYSTEM DESCRrPTION 

A r u l e - b a s e d  b a c k w a r d - c h a i n i n g  e x p e r t  s y s t e m s  a p p r o a c h  i s  
u s e d  t o  t r a n s f o r m  t h e  p r o b l e m  o f  f a i l u r e  a c c o m m o d a t i o n  i n t o  a 
problem o f  s e a r c h .  The e x p e r t  system i s  composed of a knowledge  
b a s e  and an i n f e r e n c e  e n g i n e .  The k n o w l e d g e  b a s e  c o n t a i n s  
m a s t e r s  t h a t  r e p r e s e n t  i m p o r t a n t  v a r i a b l e s  and t h a t  
r e l a t e  p a r a m e t e r s  i n  t h e  form o f  IF < P R E M I S E >  T H E N  < A C T I O N >  
c l a u s e s .  

EXECUTIVE CONTROL KNOWLEDGE BASE SAMPLE 

RULE-EO2 

RULE-EO4 

RULE - E07 

RULE-E08 

RULE-E09 

RULE - El 0 

IF TRIM CONTROL COMMANDS ARE CALCULATED 

THEN CALCULATE CONTROL COMMANDS. 
AND PERTURBATION CONTROL COMMANDS ARE CALCULATED 

IF MODEL, CONTROLLER, AND ESTIMATOR ARE READY 

THEN CALCULATE PERTURBATION CONTROL COMYANDS. 
AND DYNAMIC STATES ARE ESTIMATED 

IF MODEL, CONTROLLER, AND ESTIMATOR ARE READY 

THEN ESTIMATE DYNAMIC STATES. 
AND SENSOR MEASUREMENTS ARE RECEIVED 

IF THIS RULE IS BEING TESTED 
THEN RECEIVE SENSOR MEASUREMENTS. 

IF RECOIEIGURATION IS NOT REQUESTED 
THEN MODEL, CONTROLLER, AND ESTIMATOR ARE READY. 
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[I/o ITERATION FINISHED] 
TRUE 

MODEL, COVTROLLER, AND 
ESTIMATOR READY 

TRUE TRUE 

TRlJF TRUE 
[CONTROL COMMANDS SENTI INDICATOR COMMANDS SENT) 

SENSOR MEASUREMENTS 
RECEIVED 

1: 
TRUE 

TRUE 
ICOKI’ROL COMMANDS CALCULATED 1 

3 
TRUE 

TRUE 
IINDICATOR c o r n s   CALCULATED^ 

PERTURBATION COMMANDS 
CALCULATED 

TRUE 

\ \ /,-, 
TRUE 

EXECUTIVE CONIROL KNOWLEDGE BASE 
(PART 11) 

MODEL, CONTROLLER, AND 
ESTIMATOR READY 

TRUE 

FALSE TRUE TRUE 
I RECONFIGURATION I I RECONFIGURATION I 

FALSE // TRUE 

I RECONFIGURATION I 
REQUESTED I I DETERMINED I I IMPLEMENTED 
FALSE TRUE FALSE TRUE TRUE 

0 0 \\ NONE NEW 

I FAILURE MODEL I 
NONE NEW 

PALSE TRUE 
FALSE /- TRUE 

P-EZFl -1 
FALSE TRUE FALSE TRUE 

0 

NONE NEW 
I FAILURE DIAGNOSIS 1 

NONE NEW 

EALSE /- TRUE PALS TRUE 
FAILURE DIAGNOSIS 1 FAILURE DIAGNOSED1 

REQUESTED FALSE TRUE 
FALSE TRUE 0 

NONE NEW 
I FAILURE DETECTION I 

NONE NEW 

TRUE TRUE 
FAILURE DETECTION (FAILURE DETECTED 1 

REQUESTED FALSE TRUE 
TRUE% 0 
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T h e  i n f e r e n c e  e n g i n e  a p p l i e s  a g i v e n  s e t  o f  r u l e s  t o  p r o b l e m -  
s p e c i f i c  d a t a  a s s i g n e d  t o  p a r a m e t e r s .  W i t h  a l l  n o n - i n i t i a l i z e d  
p a r a m e t e r  v a l u e s  a s s u m e d  unknown,  t h e  a c t  o f  t r y i n g  t o  i n f e r  t h e  
v a l u e  o f  a p a r a m e t e r ,  s u c h  a s  I / O - I T E R A T I O N - F I N I S H E D ,  b e g i n s  
t h e  s e a r c h  p r o c e s s .  T h e  e s t i m a t i o n ,  c o n t r o l ,  a n d  a n a l y t i c a l  
r e d u n d a n c y  a l g o r i t h m s  r e s i d e  a s  p r o c e d u r e s  i n  t h e  a c t i o n s  o f  
r e l e v a n t  r u l e s ,  b e i n g  e x e c u t e d  w h e n  n e e d e d  d u r i n g  t h e  s e a r c h .  
P r e s e n t l y ,  t h e  k n o w l e d g e  b a s e  c o n t a i n s  n e a r l y  80 p a r a m e t e r s  a n d  
o v e r  1 0 0  r u l e s .  

DETERMINE VALUE OF <PARAMETER> 

py FAILS 

T E S T  <RULE> 

DETEiiMiN.- . ... L. V A l . U t  UE . 

PERFORM ACTION 



KNOWLEDGE BASE COKTENTS 

TASK PARAMETERS RULES MAJOR SUBTASKS 
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EXECUTIVE CONTROL 23 31 KALMAN FILTER 
LINEAR QUADRATIC REGULATOR 

FAILURE DETECTION 8 12 NORMALIZED INNOVATIONS MONITOR 

FAILURE DIAGNOSIS 2 1 SIGNAL DEPENDENCY SEARCH 
(TO BE INCLUDED) 

FAILURE MODEL ESTIMATION 14 20 MULTIPLE MODEL ALGORI-THM 

37 LEFT PSEUTX)-TNVFERSF RECONF IGURATI ON 31 

CH-47 CONTROL VECTOR DEFINITION 

COLLECTIVE 

COLLECTIVE 

COLLECTIVE 

COLLECTIVE 



C o n t r o l  s y s t e m  p e r f o r m a n c e  i s  e v a l u a t e d  t h r o u g h  g r o u n d - b a s e d  
s i m u l a t i o n s  o f  i n - f l i g h t  f a i l u r e s .  U s i n g  a l i n e a r  d i s c r e t e  
d e t e r m i n i s t i c  d y n a m i c  m o d e l  o f  a B o e i n g  CH-47 t a n d e m - r o t o r  
h e l i c o p t e r ,  t h e  e f f e c t  o f  b i a s e d  a n d  s t u c k  s e n s o r s  a n d  c o n t r o l s  
i s  i n v e s t i g a t e d .  

F a i l u r e s  a r e  i n j e c t e d  i n t o  t h e  a i r c r a f t  m o d e l  a t  t h e  1 .0  s e c  
p o i n t  o f  t h e  s i m u l a t i o n .  When a s l i d i n g  a v e r a g e  o f  t h e  n o m i n a l  
e s t i m a t o r  n o r m a l i z e d  t r a c k i n g  e r r o r  e x c e e d s  a p r e s e t  t h r e s h o l d ,  
t h e  c o n t r o l  s y s t e m  d e c l a r e s  t h a t  a f a i l u r e  e x i s t s .  B e c a u s e  r u l e s  
f o r  a u t o n o m o u s  f a i l u r e  d i a g n o s i s  a n d  f a i l u r e  m o d e l  h y p o t h e s i s  
g e n e r a t i o n  h a v e  y e t  t o  b e  i n c l u d e d ,  t h e  c o n t r o l  s y s t e m  i s  g i v e n  
f o u r  f a i l u r e  m o d e l  h y p o t h e s e s  a t  t h e  e n d  o f  t i m e  a l l o t t e d  f o r  
d i a g n o s i s .  T h e s e  h y p o t h e s e s ,  t o  b e  u s e d  i n  t h e  f a i l u r e  m o d e l  
e s t i m a t i o n  M u l t i p l e  M o d e l  A l g o r i t h m ,  i n c l u d e  t h e  h y p o t h e s i s  
r e p r e s e n t i n g  n o  f a i l u r e ,  t h e  h y p o t h e s i s  r e p r e s e n t i n g  t h e  a c t u a l  
f a i l u r e ,  a n d  t w o  h y p o t h e s e s  r e f l e c t i n g  h a l f  a n d  d o u b l e  t h e  a c t u a l  
f a i l u r e  mode  s p e c i f i c a t i o n .  

I n  o r d e r  t o  s i m u l a t e  e v e n t u a l  p a r a l l e l  p r o c e s s i n g  o n  a s i n g l e -  
p r o c e s s o r  c o m p u t e r ,  t h e  a s y n c h r o n o u s  t a s k s  o f  f a i l u r e  d i a g n o s i s  
a n d  r e c o n f i g u r a t i o n  a r e  a r t i f i c i a l l y  d e l a y e d  0.5 s e c  e a c h ,  t h u s  
s i m u l a t i n g  0.5 s e c  t a s k  c o m p l e t i o n  t i m e s .  E x e c u t i v e  c o n t r o l ,  
f a i l u r e  d e t e c t i o n ,  a n d  f a i l u r e  m o d e l  e s t i m a t i o n ,  o n  t h e  o t h e r  
h a n d ,  a r e  a l l  d e s i g n e d  t o  c y c l e  t h r o u g h  o n e  f u l l  s e a r c h  p e r  
s a m p l i n g  i n t e r v a l ,  a n d  t h e r e f o r e  i n c u r  n o  a r t i f i c i a l  d e l a y .  

T h e  s c h e d u l i n g  a n d  s e l e c t i o n  o f  q u a n t i t a t i v e  t a s k s  o c c u r s  
i n h e r e n t l y  w i t h i n  t h e  e x p e r t  s y s t e m  s e a r c h  p r o c e s s .  A m e a s u r e  o f  
t h e  a m o u n t  o f  s e a r c h  e f f o r t  r e q u i r e d  t o  a c c o m p l i s h  t h i s  
s c h e d u l i n g  a n d  s e l e c t i o n  i s  i n d i c a t e d  b y  t h e  n u m b e r  o f  r u l e s  
t e s t e d  v e r s u s  t h e  n u m b e r  o f  p a r a m e t e r s  s e t  d u r i n g  t h e  s e a r c h .  
P r i o r  t o  b e g i n n i n g  t h e  s e a r c h ,  a l l  p a r a m e t e r s  w i t h o u t  a n  i n i t i a l  
v a l u e  a r e  a s s u m e d  unknown.  R u l e s  a r e  t e s t e d  i n  a n  e f f o r t  t o  s e t  
p a r a m e t e r s ,  u l t i m a t e l y  s e t t i n g  t h e  t o p - l e v e l  g o a l  p a r a m e t e r .  
W i t h  a n o r m a l i z e d  s e a r c h  d e f i n e d  a s  t h e  n u m b e r  o f  r u l e s  
t e s t e d  d i v i d e d  b y  t h e  n u m b e r  o f  p a r a m e t e r s  s e t ,  i t  c a n  b e  s e e n  
t h a t  t a s k s  s t r e s s i n g  s e l e c t i o n  o v e r  s c h e d u l i n g  i n c u r  a h i g h e r  
w o r k l o a d ,  r e p r e s e n t i n g  a l o w e r  s e a r c h  e f f i c i e n c y .  
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SIMULATED ACCOMMODATION OF B I A S E D  CONTROL: 
LONGITUDINAL STATE & CONTROL TIME H I S T O R I E S  

True Value 

.05 
P O  
&-.05 
m - . l  

- 

-4 ' I 

I . 4  

- 

- 
- 

- . 4  ' I 
. I  I 

- 15 I I 
- 20 
2 10 A 
z o  

E -20 

- - l o  ~ 

z o  
~ -10 

* -20 
L 

Time Is1 

FOWaTd COllective Pitch Control Biased 15 cm @ t-1.05 

SIMULATED ACCOMMODATION OF B I A S E D  CONTROL: 

SEARCH RESULT TIME H I S T O R I E S  
FAILURE DETECTION AND FAILURE MODEL ESTIMATION 

. .  Tracking Error 
- Tracklng Error Average 

i 

.75 : I  8 5  

Failure Hypotheses: 1 
0 No FaIIlure 
0 Actual Failure 
0 'Half' Actual Fallure 
A 'Double' Actual Failure 

1 
I 

. . .  Parameters set - Rules Tested 

Time I51 

Forvard Collective Pitch Control B i a s e d  15 an @ t-1.09 

80 



SIMULATED ACCOMMODATION OF BIASED SENSOR: 
LONGITUDINAL STATE & CONTROL TIME HISTORIES 

7 4 -  
\ - 
= 

. . . Estimated Value 
True value - 

0--. : : ! . . : 

. 4  L I 

0 10 

1 0  

a-10 

- . 4  ' I 
.l I 

- I - 
- 

05 

&-. 05 

- 
B O  - - . I 1  I 

I 
Time Is) 

*-20 ' 
Pitch Rate Sensor Biased 0.18 rad/s @ t-1.0s 

SIMULATED ACCOMMODATION OF BIASED SENSOR: 
FAILURE DETECTION & FAILURE MODEL ESTIMATION 

SEARCH RESULT TIME HISTORIES 
. . . Tracking Error - Tracking Error Average 

._ 

Failure Hypotheses: 

0 NO Failure 
0 Actual Failure 
0 'Half' Actual Failure 
A 'Double' Actual Fallure 1 

Parameters set 
Rules Tested 

: 20 ." 10 

0-' ' " ' ' I  
0 1 2 3 4 5 5 7 8 9  

Time Is1 
Pitch Rate sensor Biased 0.18 rad/s @ t-1.0s 



SIMULATED ACCOMMODATION OF STUCK CONTROL 
LONGITUDINAL STATE & CONTROL TIME HISTORIES 

83 
. . . Estimated Value 

4 - - TrYe Value 
0 

, - 

I 
. 4 ,  

m - . 2  1 1 
- . 4  
. l  
.05 - - 

B o  
&-.05 - 

- . I  - 
- 20 

2 10 

2 0  

L? -20 

D -10 

Forward Collective Pitch Contrd Stuck 1 m frm Nominal @ t-l.Os 

SIMULATED ACCOMMODATION OF STUCK CONTROL: 
FAILURE DETECTION & FAILURE MODEL ESTIMATION 

SEARCH RESULT TIME HISTORIES 

Tracking Error -7 
~ 

- Tracklng Err01 Average I 
I 

parameters set 
Rules Tested 

k? 20 ." 10 

parameters set 
Rules Tested 

k? 20 ." 10 

0 1  " " " " ' 
0 1 2 3 4 5 6 7 8 9  

Tine Is1 
Fornard Collective Pitch Control Stuck 1 Cm frm Normnal @ t-1.05 
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SIMULATED ACCOYDlODATION OF STUCK SENSOR: 
LONGITUDINAL STATE 6 CONTROL TIME HISTORIES 

8 ,  

05 
B O  
&- 05 
m - !. 

- 

3 2 -  , .  
P o  - 

- 2 -  

- 
A. n -  

- 
U / V  

- . 4  ' V I 
.l I 

I 
Time Is1 

Pitch Rate Sensor Stuck 0 10 rad/* frm Nominal @ t-1.OS 

SIMULATED ACCOMMODATION OF STUCK SENSOR: 
FAILURE DETECTION & FAILURE MODEL ESTIMATION 

SEARCH RESULT TIME HISTORIES 
3 r p - p  - ~- 

Tracking Error 
- Tracking Error Average 

Failure Hypotheses: I 

0 

0 

0 NO k a l l Y r e  
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A f a i l u r e  d e t e c t i o n  m e c h a n i s m  s h o u l d  b e  s e n s i t i v e  t o  d y n a m i c  
a b n o r m a l i t i e s ,  y e t  h a v e  a l o w  f a l s e  a l a rm r a t e .  S h o u l d  a f a l s e  
a l a r m  o c c u r ,  h o w e v e r ,  t h e  c o n t r o l  s y s t e m  m u s t  b e  a b l e  t o  
r e c o g n i z e  t h a t  a m i s t a k e  h a s  b e e n  made  w i t h o u t  c o m p o u n d i n g  t h e  
p r o b l e m .  S i m u l a t i o n s  p r o d u c i n g  a f a l s e  a l a r m  i m m e d i a t e l y  
f o l l o w i n g  r e c o n f i g u r a t i o n  f o r  a s t u c k  s e n s o r  d e m o n s t r a t e  t h i s  
a b i l i t y  i n  t h e  p r o p o s e d  c o n t r o l  s y s t e m .  B y  e s t i m a t i n g  t h e  
f a i l u r e  m o d e l  t o  b e  t h e  o n e  c o r r e s p o n d i n g  t o  t h e  n o - f a i l u r e  
h y p o t h e s i s ,  t h e  e x p e r t  s y s t e m  r e c o g n i z e s  t h e  m i s t a k e . a n d  
e f f e c t i v e l y  s u p p r e s s e s  a n y  i m p r o p e r  c o r r e c t i v e  a c t i o n  t h a t  m i g h t  
h a v e  o t h e r w i s e  t a k e n  p l a c e .  
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An e x p e r t  s y s t e m s  a p p r o a c h  t o  f a u l t - t o l e r a n t  f l i g h t  c o n t r o l  
u t i l i z i n g  a r u l e - b a s e d  b a c k w a r d - c h a i n i n g  s e a r c h  m e c h a n i s m  i s  a n  
e f f e c t i v e  way t o  c o m b i n e  h e u r i s t i c  a n d  a n a l y t i c a l  t e c h n i q u e s .  I t  
a l l o w s  t h e  s c h e d u l i n g  a n d  s e l e c t i o n  o f  t a s k s  t o  o c c u r  n a t u r a l l y  
w i t h i n  t h e  a c t i o n  o f  r u l e s ,  p e r m i t s  e f f i c i e n t  f l o w  o f  i n f o r m a t i o n  
b e t w e e n  t a s k s ,  a n d  a l l o w s  t h e  c o n t r o l  s y s t e m  t o  b e  b u i l t  
i n c r e m e n t a l l y .  

A l t h o u g h  a t  a n  e a r l y  s t a g e  o f  d e v e l o p m e n t ,  t h e  c o n t r o l  s y s t e m  
p e r f o r m s  w e l l  a n d  a p p e a r s  t o  p r o v i d e  a n  a r c h i t e c t u r e  s u i t e d  t o  
t h e  d i f f i c u l t  job o f  f a i l u r e  a c c o m m o d a t i o n .  T h e  i s s u e s  o f  
f a i l u r e  d i a g n o s i s ,  p a r a i i e i  processing, a i i d  a c c o m m o d a t i c n  c f  
a d d i t i o n a l  f a i l u r e  m o d e s  a r e  t o  b e  a d d r e s s e d  n e x t .  

EXPERT SYSTEMS APPROACH ALLOWS 

0 NATURAL SCHEDULING AND SELECTION OF 
FAILURE-ACCOMMODATION TASKS 

0 EFFICIENT FLOW OF INFORMATION BETWEEN TASKS 

0 INCREMENTAL CONTROL SYSTEM GROWTH 
DURING DEVELOPMENT 
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